Abstract-Beta-radiation can induce a bioelectric reaction in the compound eye of the insect. The electroretinogram is indistinguishable from that produced in response to a light stimulus. A difference exists between light and betaradiation in the time course of the dark-adaptation process. It was demonstrated that the disparity depends upon the interaction of distal pigment with the light stimulus. An electroretinogram was elicited by a beta-radiation exposure dose of 0·25 mr at a radiation dose rate of 20 mr/sec.
INTRODUCTION
IT HAS been known since the turn of the century that ionizing radiation can act in the manner of the adequate stimulus of light with respect to the visual system in frogs and humans (LIPETZ, l 955a). Radiation doses effective for stimulating the visual system in these species appear to be relatively small. LIPETZ (1955b) demonstrated electrical discharges in a single ganglion cell of a frog retina in situ when the eye was stimulated by X-rays. The threshold dose for this effect was found to be 156 mr when given at a rate of 0·78 r/sec. BACHOFER and WITTRY (1962) measured the electroretinogram with X-ray stimulation in the frog and found that the threshold for eliciting a retinographic spike potential was approximately 7 mr per exposure at a dose rate of 162 r/sec. The frog electroretinogram has also been induced in response to stimulation by gamma-radiation from a cobalt-60 source (PoGASYON et al., 1961 ) . The threshold dose rate for obtaining an electroretinogram response in the dark-adapted eye was 0·001 r/sec with a stimulus duration of 3-4 sec. A dose as low as 0·5 mr has been observed to give rise to reports of visual sensation in human subjects (BORNSCHEIN et al., 1953) .
A recent study in this laboratory has shown that wing-beat activity can be initiated immediately in nocturnal moths by a brief burst of X-rays (SMITH et al., 1963). The effective dose rate for eliciting wing-beat was as low as 0·01 r/sec in some species. This activity could be obtained, however, only in a darkened room after the moth had been allowed to dark adapt for several minutes. It was concluded that the induction of flight activity was probably initiated by visual stimulation through low-intensity ionizing radiation. Subsequent measurements on these moths demonstrated the occurrence of an electroretinogram upon exposure to ionizing radiation.
The present paper gives an account of a comparison of beta-radiation and light as stimuli to the visual system in several species of noctuid moths.
Because BERNHARD and OTTOSON ( 1960 have related visual sensitivity to the distal pigment migration in the eye of the moth, a study was made regarding the possible relationship of pigment position and differential sensitivity to light and beta-radiation during the process of dark adaptation.
METHODS
Moths of the following species from the family Noctuidae were used as subjects for this experiment: Agrotis ypsilon (Rottemburg) and Pseudaletia unipuncta (Haworth) .
The specimens were found in the San Francisco Bay Area and used within 18 hr of capture. In order to immobilize the moth for the electrophysiological measurements, it was anaesthetized for approximately 30 sec in C0 2 and the wings and legs were removed. The animal was then mounted in a block of thermoplastic Tackiwax (Cenco) with wax moulded around the head to inhibit movement. The scales were brushed from the head, and the antennae and mouth parts were removed for electrode placement. A small hole was pierced in the dorsal surface of the head and another hole in the cornea of the eye. The electrodes were 0·005 in. silver wire which had been electrically pointed. ·with the aid of a micromanipulator the recording electrode was inserted in the eye to approximately 1 mm depth. The reference electrode was placed in the head. Both electrodes were sealed into position with melted Tackiwax.
The electrical signal was amplified by a Grass P-5 amplifier which allowed frequencies from 0· 1 to 100·0 c/s to pass. The amplified wave form was recorded on photosensitive paper by means of an optical beam oscillograph recorder (Honeywell Visocorder, Model 906 C). The optics galvanometer had a flat frequency response from 0-240 c/s.
The apparatus used for presentation of the stimulus is shown semidiagrammatically in Fig. 1 . Six i5 6 in. holes, spaced equidistant at the periphery of a ! in.
thick steel disk (SD), constituted the exposure apertures for light and betaradiation. The sector disk gave an 'open-shield' ratio of 1-6 and the rotational duty cycle could be varied to give stimulus rates from 5 to 180 c/s. A 6 V tungsten lamp (L 1 ) which provided 6 foot-candles of illuminance on the eye of the moth was used for the light stimulus. The intensity of the stimulus light could be reduced by neutral density filters (F) and a neutral density circular optical wedge (W). The light beam was reflected from a mirror (M) and flickered into the eye of the specimen through the sector disk when the manually operated shutter (S) was open.
For the beta-radiation stimulus three sources (Tracerlab Medical Applicators) containing 22, SO, and 87 me of strontium-90 in equilibrium with yttrium-90 were used. Each source was enclosed in a stainless-steel tube and capped by 2 mil of stainless steel and 10 mil of aluminium. The emitted radiation consisted of O·S37 MeV beta-radiation through which Sr 90 decays to Y 90 , and the 2·18 MeV betaradiation through which Y 90 decays to stable zirconium. The beta-radiation source (B) was fitted into the hole of a shutter arm and moved in front of an aperture in the steel plate (P) for exposure position. The dose rate was varied by changing the sources in the holder or by varying the distance between the source and the specimen's eye. The latter method was used only when threshold measurements for the response to beta-radiation were recorded. Photo-dosimetric procedures were used to measure the dose rates or exposure. The source strengths of 87, SO, and 22 me yielded dose rates of 2·20, 1 ·27, and 0·42 r/sec respectively at 2cm.
In a second arm of the shutter was a silicon photovoltaic light sensor (P6) (Model LS 222, Texas Instruments). On the opposite side of the sector disk from the photo sensor was a housed lamp (L 2 ) directed toward the sensor. With each movement of the shutter arm into stimulating position, light from this source passed through the sector-disk apertures and an aperture in the steel plate (P) activating the photo sensor, giving a record of the frequency and duration of the train" of stimuli. The output from the photo sensor was amplified and displayed on the second channel of the oscillograph.
All exterior parts of the stimulus apparatus were painted flat black and the specimen was shielded from stray light from the recording oscillograph. The apparatus was constructed to permit stimulus presentation with either the light source or beta-radiation source during any experimental run. When stimulating with beta-radiation source the stimulus lamp was turned off. During light stimulation, the radiation source was removed from the shutter arm and stored in a shielded compartment. Tests with a 'sham' source applicator placed in the holder at various intervals during experimental runs showed that shutter manipulations and sector disk rotations did not produce an electrical response in the preparation. Recordings were made in a darkened cubicle.
RESULTS AND DISCUSSION
After preliminary determinations of the conditions necessary to produce a reliable electroretinographic (ERG) response to beta-radiation and light stimulation, two aspects of the response were characterized. Measurements were made to provide data on the ERG during the process of dark adaptation and estimates concerning the threshold doses for beta-radiation induced ERG.
The dark-adaptation process
For collection of the dark-adaptation data, the preparation was given 3 min of light exposure with a lamp which presented 175 ft-c. of illuminance at the eye. Following this period the room was darkened and the preparation was stimulated with alternating trains of flickering light and the 87 me beta-radiation source. Each train was 1-2 sec in duration and consisted of eight stimuli per second. The order of presentation of light and beta-radiation was reversed for each train of stimulations. For the trains of stimuli the standard light source intensity was reduced by a neutral filter of optical density 2·0 in order to provide an initial ERG response which was comparable in magnitude to that obtained with the 87 me beta-radiation source. After the pre-adapting light was turned off, the amplitude of response was recorded and measured at 1, 2, 5, 10, 30 and 45 min.
In order to estimate the light intensity required to give the response amplitude observed at the various time intervals during dark adaptation, a study was made of the response amplitude to decreasing intensities of light after dark adaptation was completed. The intensity of the light was reduced by 0·5 log unit steps and the amplitude exhibited in the train of responses was recorded for each of these discrete steps until no response was detectable. By the same general method, the stimulus intensity of the beta-radiation was reduced by replacing the 87 me source with the 50 me and the 22 me sources.
A typical record of the ERG response during the dark-adaptation process with light stimulation is illustrated in the upper half of Fig. 2 for Pseudaletia unipuncta. Log I = -3 ·O and Log I= -4·0 after dark adaptation indicated that the darkadaptation curve covered more than 2·0 log units of light intensity. The records from the same specimen in response to the flickering beta-radiation from the 87 me source are presented in the lower half of Fig. 2 . The maximum response amplitude was obtained after only 5 min of dark adaptation. Figure 3 illustrates the shape of the adaptation curves to light and beta-radiation stimulations. Each curve represents the average response of five preparations of Pseudaletia unipuncta. The difference in the rate of dark adaptation is readily apparent. The maximum amplitude response to beta-radiation occurs within 5 min whereas the response to light increases for at least 30 min.
The obvious difference between the two dark-adaptation curves led to a further study regarding the location of distal pigment during the process of adaptation with the two stimuli. BERNHARD and OTTOSON (1960) have suggested that the major change in the ERG response of the Noctuidae moths during dark adaptation with 844 J.C. SMITH AND D. J. KIMELDORF the light stimulus is related to pigment migration. According to these authors, when the eye is light adapted, the pigment is distributed to the innermost position so that each light-sensitive element can be stimulated only through its own facet. In the dark-adapted eye, however, the pigment slowly migrates outward toward the cornea so that each light-sensitive structure can also be stimulated by light refracted from adjacent ommatidia. This results in an increase in sensitivity in dim illumination. In the present study histological preparations were made, using the technique described by BERNHARD and OTTOSON (1960) , from Noctuidae moth eyes which were light exposed following dark adaptation. These sections showed that the position of the pigment with 30 sec of light exposure did not change.
While migration of pigment may lead to more efficient utilization of light, it is probable that the pigment layer is essentially transparent to ionizing radiation. Hence, it was hypothesized that the dark-adaptation curve with ionizing radiation may reflect only the initial photochemical process and not the enhancement with time associated with the effect of the slowly migrating pigment layer. With an intense but brief light stimulus one should be able to alter the photochemical state of the dark-adapted eye without a change in pigment distribution and consequently eliminate the discrepancy between the two dark-adaptation curves. To test this hypothesis the adaptation curves to beta-radiation and light stimulation were made after an intense flash from a Xenon tube (GE No. 217). While the eye was dark adapted the test light stimulus intensity was adjusted so that the amplitude of the ERG to light flickering at 8 c/s was comparable to that from the 87 me beta source. A 20 sec train of responses to this light intensity was recorded with the light flash ( 50 msec) from a Xenon tube occurring at about 1 sec after the initiation of the train. A subsequent 1-2 sec train of light stimuli was given at 1, 2, and 5 min after the Xenon flash, and the amplitude of the response was recorded. After 10 min of additional time in the dark this procedure was repeated, using the 87 me beta source with the Xenon flash, about 1 sec after the initiation of a 20 sec train of beta stimulations. Figure 5 illustrates the ERG response during dark adaptation after the Xenon flash for the flickering light and for the beta-radiation. The light intensity for this preparation was the standard stimulus lamp reduced by 2·0 log units (Log I = -2·0). It can be seen that the initial recovery in the light response amplitude was somewhat faster than that of the flickering beta-radiation, but that the two curves reached maximum response at about the same time. Fig. 6 gives a graphical representation of this adaptation function, comparing the curves for the light stimulus with beta-radiation stimulus. Each curve is the average response of five preparations. Histological examination of dark-adapted eyes which were exposed to the flash showed no alteration in pigment position from dark-adapted controls.
Threshold determinations for the beta-radiation ERG
Additional specimens were used for determining the threshold dose rates effective in giving a response to the beta-radiation. The 22 me source was used ~ .. same species. The variability among preparations of the same species was as large as the variability between species, and the differences may have reflected only differences in the condition of the preparation. The lowest threshold dose rate was found to be 20 mr/sec at the low frequency rate of 11 c/s. Taking into consideration the duty cycle of the sector disk (one exposed: six shielded), the eye was responding to a total dose of 0·25 mr.
It is concluded that beta-radiation can elicit an electroretinogram from the moth eye like that produced by a light stimulus. The shielding pigment is transparent to the ionizing radiation, but attenuates the light stimulus. Since the shielding pigment migrates when the eye is placed in the dark, the adaptation curves to light and beta stimulations are quite different. It is not clear if the action of the beta-radiation is on the receptor or if it is a secondary effect from fluorescence caused by the irradiation. these experiments indicate that the fluorescence occurs within the confines of the shielding pigment.
